In general, the clock (or oscillator) is central to circadian rhythms in many organisms. In the model higher plant Arabidopsis thaliana, the best candidates forclock components are CCA1 (CIRCADIAN CLOCK-ASSOCIATED 1) and LHY (LATE ELONGATED HYPOCOTYL), which are homologous Myb-related transcription factors. It is also believed that TOC1 (TIMING OF CAB EXPRESSION 1) is another component of the central oscillator. In this connection, we have been characterizing a small family of proteins, designated ARABIDOPSIS PSEUDO-RESPONSE REGULATOR (PRR1, PRR3, PRR5, PRR7, and PRR9), based on the fact that one of the members (PRR1) is identical to TOC1. Nevertheless, it is not yet certain whether other PRR family members are also implicated in clock function per se. To address this issue, in this study we examined a functional interaction between the CCA1 clock component and one of the PRR family members, PRR5, by employing transgenic lines overexpressing both the CCA1 and PRR5 genes. Evidence will be provided that PRR5 plays an antagonistic role(s) to the putative CCA1 clock component.
In the higher plant Arabidopsis thaliana, recent intensive studies have begun to shed light on the molecular mechanisms underlying a variety of circadian-controlled biological events.
1) The clock (or oscillator) is central to such circadian rhythms, 2) and the best candidates for Arabidopsis clock components are CCA1 and LHY, which are homologous and partially redundant Myb-related transcription factors. It is also believed that TOC1 is another component of the central oscillator. These two types of clock components are proposed to form an autoregulatory feedback loop, 3) whereby TOC1 is accumulated in late day and early night, and promotes the transcription of CCA1. The subsequent rise of CCA1 protein levels during early morning and midday acts to repress the transcription of TOC1. In this connection, we have been characterizing a small family of proteins, designated ARABIDOPSIS PSEUDO-RESPONSE REGULATORS (PRR1, PRR3, PRR5, PRR7, and PRR9), each of which contains a common pseudo-receiver domain similar to the canonical receiver domains found in classical two-component signal transducers. 4) More importantly, one of the members (PRR1) is identical to TOC1. 4) Several lines of evidence have recently been provided to support the view that not only PRR1/TOC1, but also other family members are crucial for a better understanding of the molecular links between circadian rhythm, control of flowering time, and light-signal transdution, because misexpression and/or mutational lesions of any one of the five PRR1/TOC1 family genes significantly affect these circadian-associated biological events. 5) Nevertheless, clarification of the molecular functions of PRRs remains a major challenge. As an approach to address these issues, here we examined the functional interaction between the CCA1 clock-component and one of the PRR family members, PRR5.
As has been reported previously, 6) constitutive expression (or overexpression) of the circadian-controlled CCA1 gene results in severe disruption of normal circadian function in plants, whereby the resultant CCA1-overexpressing (CCA1-ox) transgenic plants showed characteristic phenotypes, including markedlyaltered free-running rhythms of clock-controlled genes, extremely late flowering under long-day photoperiod conditions, and extreme hyposensitivity to red and/or far-red light during photomorphogenic development of seedlings (see Fig. 1 and Fig. 2 ). One the other hand, we reported previously that transgenic lines overexpressing the PRR5 gene (PRR5-ox) also showed interesting circadian-associated phenotypes (see Fig. 1 and Fig. 2 ), including early flowering under the short-day photoperiod conditions, and extreme hypersensitiveness to red light during de-etiolation of seedlings. 7) In other words, the phenotypes of CCA1-ox and PRR5-ox with regard to control of flowering time and photomorphogenic responses are in marked contrast To see the functional interaction between CCA1 and PRR5, it is y To whom correspondence should be addressed. Tel: +81-52-789-4089; Fax: +81-52-789-4091; E-mail: tmizuno@agr.nagoya-u.ac.jp Biosci. Biotechnol. Biochem., 69 (2), [426] [427] [428] [429] [430] 2005 Note thus of interest to examine the phenotypes of transgenic plants overexpressing both CCA1 and PRR5 simultaneously.
Employing Columbia ecotype (Col) as parental plants, several independent T3 homozygous transgenic lines carrying both the CaMV 35S-promoter::CCA1 and the CaMV 35S-promoer::PRR5 fusion genes were established in this study. These are designated CCA1/ PRR5-ox hereafter. They were constructed by transforming the homozygous CCA1-ox transgenic line, which has been characterized previously, 6) by use of the binary vector carrying the CaMV 35S-promoter::PRR5 fusion gene, which was used previously to establish and characterize certain homozygous PRR5-ox transgenic lines. 7) Here we established three putative and homozygous CCA1/PRR5-ox transgenic lines, which were expected to carry the CaMV 35S-promoer::PRR5 fusion gene. In this sense, the established lines are truly independent of each other. We then confirmed by Northern blot hybridization that these independent transgenic plants (designated #1, #2, and #3) indeed accumulate large amounts of both the CCA1 and PRR5 transcripts (data not shown). The levels of overexpressed PRR5 transcripts in three independent lines were more or less the same (see Fig. 1B for line #1). One representative line (#1) was further analyzed by Northern blot hybridization with regard to the rhythmic expressions of the CCA1 and PRR5 genes in question (Fig. 1) . In wild-type plants (Fig. 1A) , the transcripts of CCA1 showed diurnal rhythms with peaks in the morning, whereas the transcripts of PRR5 
. Characterized seedlings were wild-type (Col), CCA1-ox, PRR5-ox, and CCA1/PRR5-ox (lines #1 and #2), as indicated. Seeds were sowed on gellangum (0.3%)-plates containing MS salts without sucrose, and kept at 4
C for 48 h in the dark. After the seeds were exposed to white light for 5 h in order to enhance germination, they were kept at 22
C for 19 h again in the dark. The plants were grown for 48 h under the conditions indicated. For each experiment, a number of seedlings (n > 12) that germinated normally were examined, and two representatives of each were photographed. The results presented are representative of three independent experiments. (F) In the experiments of (C, D, and E), the lengths of hypocotyls were also measured. The average values for each were divided by the corresponding values in the dark, and the results were expressed as %. These experiments were also conducted independently three times, and the results presented are representative. These experiments (C to F) were carried out with two independent lines of CCA1/PRR5-ox (#1 and #2). displayed rhythms with peaks at midday and in the early evening, as anticipated. In contrast, high levels of the transcripts of both CCA1 and PRR5 were detected all the time in CCA1/PRR5-ox (Fig. 1B) . Throughout this study, the CCA1/PRR5-ox transgenic lines (#1 and #2) were characterized simultaneously to obtain consistent results. It should be also noted that the transgenic lines used as appropriate references in this study are ''homozygous CCA1-ox and homozygous PRR5-ox,'' which are exactly the same ones reported previously. 6, 7) Some circadian-associated genes, if not all, are implicated in certain light-signal transduction pathways. 4) A visible hallmark of such photosensory signal transduction is photomorphogenic responses during deetiolation under light. 8) When the set of seeds (Col, CCA1-ox, PRR5-ox, and CCA1/PRR5-ox #1 and #2) were germinated in darkness, the hypocotyl-lengths of the resulting etiolated seedlings with yellow and closed cotyledons were similar (Fig. 1C) . When they were germinated in continuous red light (fluence-rate, 1 mmole m À2 s À1 ), the average hypocotyl-length of CCA1-ox was markedly longer than that of Col, whereas the hypocityl-length of PRR5-ox was significantly shorter (Fig. 1D ). Under these conditions, the green cotyledons of PRR5-ox were fully opened and expanded as in the case of Col, while the cotyledons of CCA1-ox were green but still closed (as highlighted by red circles in panels A and B). These results are consistent with the view that CCA1-ox is extremely hyposensitive to red light during the early photomorphogenesis, while PRR5-ox is hypersensitive. In CCA1/PRR5-ox, the photomorphogenic alterations caused by the overexpression of CCA1 were clearly compensated, provided that the PRR5 gene was concomitantly overexressed (Fig. 1) . In these experiments, we examined a large number of seedlings for each sample, and three independent experimentations were carried out (total > 40 seedlings for each). Although only two representative pictures from a given experiment are shown for each in Fig. 1D , the characteristics documented above were statistically observed for Col (> 95%), CCA1-ox (> 75%), PRR5-ox (> 98%), and CCA1-ox/PRR5-ox (#1, > 90%; #2, > 90%). Similar events were observed, when essentially the same experiments were carried out in an alternative fluence-rate (0.5 mmole m À2 s À1 red light) (data not shown). However, when higher fluence-rates (> 4 mmole m À2 s À1 red light) were applied in the experiments, the majority (> 80%) of CCA1-ox seedlings exhibited opened and expanded cotyledons (data not shown). Importantly, when the experiments were carried out with far-red light (fluence-rate, 1.1 mmole m À2 s À1 ), essentially the same events were observed for CCA1/ PRR5-ox, which displayed relatively shortened hypocotyl-lengths and expanded cotyledons, as compared with the photomorphology of CCA1-ox (Fig. 1E) . These photomorhogenic phenotypes of CCA1/PRR5-ox in red and far-red light were observed over a broad range of light fluence-rates (red light, 0.5 to 2 mmole m À2 s À1 , farred light 0.2 to 1.1 mmole m À2 s À1 , data not shown). To gain further insight into the phenotypes with regard to hypocotyl-elongation, statistic experiments were carried out in red and far-red light (Fig. 1F) . These results in both the red and far-red light conditions suggested that the phenotype of CCA1-ox (long hypocotyls) was significantly compensated in CCA1/PRR5-ox. This was evident particularly in far-red light (Fig. 1F) . These results suggest that PRR5 plays an antagonistic role against CCA1 during photomorphogenic responses of de-etiolated seedlings.
In the facultative long-day plant Arabidopsis thaliana, the clock-controlled photoperiodic signaling pathway is important for proper regulation of floral pathways in that it promotes flowering time in long-day conditions.
9) The set of seeds (Col, CCA1-ox, PRR5-ox, and CCA1/ PRR5-ox) were sowed on soil, and then they were grown under long-day (16 h light/8 h dark cycle) conditions. In each case, they grew well and flowered eventually. The flowering times of these plants were statistically moni- Plants were grown under long-day conditions (LD, 16 h light/8 h dark). Seeds were imbibed directly on soil (110 ml), supplemented with 50 ml of 5,000-times diluted Hyponex (N:P:K ¼ 5:10:5) (Hyponex-Japan, Osaka, Japan). They were cold-treated at 4 C for 3 d in the dark. They were then transferred for germination under light (80 to 100 mmol m À2 s À1 ), and were grown in chambers (22 C) under the long-day conditions. The characterized plants were wildtype (Col), CCA1-ox, PRR5-ox, and CCA1/PRR5-ox. (A) Days to visible inflorescence (about 1 cm) were defined as the time at which a given plant possessed the flower primordial (with the unaided eye). (B) For number of leaves at flowering, the leaf count was taken on the day the flower primordia were first observed on a given plant. The numbers of plants examined in these experiments (B and C) were: wild-type (n ¼ 9), CCA1-ox (n ¼ 7), PRR5-ox (n ¼ 9), and CCA1/PRR5-ox (#1, n ¼ 10, #2, n ¼ 12). These experiments (C to F) were carried out with two independent lines of CCA1/PRR5-ox (#1 and #2).
tored by measuring the date of bolting ( Fig. 2A) , and also by counting the leaf number on the onset of flowering (Fig. 2B) . CCA1-ox showed a phenotype of extremely late flowering in the long-day conditions, while PRR5-ox tended to flower slightly earlier than Col (wild-type). In the case of CCA1/PRR5-ox (lines #1 and #2), the results indicated that the late flowering phenotype of CCA1-ox was markedly compensated in the presence of the PRR5-ox gene (Fig. 2) . In other words, CCA1/PRR5-ox plants flowered more or less according to the same timing, as did the wild-type plants (Col) in long-day conditions. CCA1/PRR5-ox plants showed a phenotype of early flowering in short-day conditions, as in the case of PRR5-ox plants (data not shown). These results again suggested that PRR5 plays an antagonistic role against CCA1 in the control of flowering time too.
Finally, we examined the circadian rhythms at the level of transcription of certain clock-controlled genes in CCA1/PRR5-ox plants. In particular, we needed to examine the rhythmic profiles of PRR1/TOC1 in CCA1/PRR5-ox, because the PRR1/TOC1 gene encodes the clock component, which together with CCA1 forms the proposed central oscillator (see the introductory section). The set of plants were grown in the 12 h light/12 h dark cycles (LD) for 20 d, and then released to LL (white light) (Fig. 3) . RNA samples were prepared at intervals (3 h), and analyzed by Northern blot hybridization, as described previously. 7) The genes examined were PRR1/TOC1 (Fig. 3) , and other circadian-controlled genes (e.g., LHY, PRR3, PRR7, PRR9) (data not shown). In wild-type plants (Col), the transcripts of PRR1/TOC1 showed robust rhythms with peaks in the evening both in LD and LL. In CCA1-ox, however, the PRR1/TOC1 rhythm was rapidly dampened upon the onset of transition to LL, and a low level of arrhythmic expression was observed. The PRR1/TOC1 rhythm was also dampened in PRR5-ox, and a high level of arrhythmic expression was observed in LL. These results are fully consistent with those reported previously. 7) Importantly, an altered expression profile of PRR1/TOC1 was seen in CCA1/PRR5-ox, and the nature of the profile was apparently intermediate between those observed in CCA1-ox and PRR5-ox, showing an apparently slightly shortened period (or advanced phase). It was clearly distinctive from that observed in Col. Similar events were observed for the other circadian-controlled genes tested (data not shown).
Before discussing the implications of this study, it should be noted here that a loss-of-function mutant of CCA1 (named cca1-1 allele) has been characterized, 10, 11) and that a severe mutant of PRR5 (named prr5-11 allele) has also been examined previously. 12) Thus, an orthodox approach to the examination of the genetic (or epistatic) interaction between CCA1 and PRR5 would be to examine plants carrying cca1-1 prr5-11 double lesions. But the phenotype of each mutant is not very striking, presumably due to the occurrence of the homologous genes that perform redundant (or compensatory) roles (e.g., LHY for CCA1 and PRR7 for PRR5). In fact, the cca1-1 mutant shows a phenotype of slightly early flowering in short-day conditions, 11) whereas the prr5-11 mutant displays a phenotype of slightly late flowering in long-day conditions. 12) Therefore, even if we characterized the cca1-1 prr5-11 double mutant, it would be rather difficult to assess the results of genetic interaction between these two genes with reference to the control of flowering time. One would also encounter the same problem with regard to the phenotype of photomorphogenesis of the cca1-1 prr5-11 double mutant. For these reasons, we considered that characterization of the CCA1/PRR5-ox transgenic plants might be more informative, as was indeed found in this study.
CCA1 is believed to be a crucial component of the central oscillator. In this study, we suggested that one of the PRR family members, PRR5, affects the function(s) of CCA1, directly or indirectly. This implication was deduced from the results of characterization of transgenic plants constitutively expressing both the CCA1 and PRR5 genes. Misexpression of CCA1 in plants results in pleiotropic phenotypes regarding circadianassociated biological events, such as light sensitivity during photomorphogenesis of de-etiolated seedlings and photoperiodicity of flowering time. These striking phenotypes of CCA1-ox probably result primarily from severe defects in circadian regulation, as has previously been discussed. 6) In this respect, here we showed that when PRR5 were overexpressed in CCA1-ox plants, the phenotypes of CCA1-ox were apparently compensated ( Fig. 1 and Fig. 2 ). This was best explained by assuming that PRR5 also plays a circadian-associated role(s) close to the central oscillator consisting of CCA1. In other words, it is tempting to speculate that there is a functional interaction between CCA1 and PRR5 in a certain circadian-controlled pathway, in such a manner that PRR5 antagonizes CCA1, and vice versa. More specifically, at the molecular level, one can envisage that both CCA1 and PRR5 might exert their effects on a common target (e.g., PRR1/TOC1; see the introductory section above). In fact, it was recently suggested that a set of bHLH (basic helix-loop-helix) factors play important roles in early photomorphogenic responses (such as those characterized in Fig. 1 ) downstream of photoreceptors (particularly phyA and phyB) and also close to the circadian clock that is presumably composed of CCA1 (LHY) and PRR1/TOC1. 13, 14) These bHLH transcription factors include PIL1 (PHYTOCHROME INTERACTING FACTOR-LIKE 1), PIF3 (PHYTO-CHROMO INTERACTING FACTOR 3), PIF4, and PIL6.
13) Therefore, it is tempting to speculate that the common targets of CCA1 and PRR5 might be these transcription factors. If so, the antagonistic relationship between CCA1 and PRR5 can reasonably be explained by assuming that both CCA1 and PRR5 exert effects on the common targets in such ways that PRR5 serves a negative regulator for the factors, while CCA1 acts positively. In the genetic viewpoint, this idea is summarized as follows: the CCA1 and PRR5 genes act in a parallel manner upstream of a common target(s) in a branched signaling pathway. The same interpretation can be applied to the antagonistic effect of PRR5 on CCA1 in the control of flowering time, considering the current view that the clock-controlled photoperiodic signaling pathway is important for proper regulation of floral pathways in that it promotes flowering time in long-day conditions. 9) In this signaling pathway, the important common factor that acts immediately downstream of the central clock is postulated to be CONSTANS (CO).
9) It is thus again tempting to suppose that CCA1 and PRR5 might act on the common target (CO), perhaps indirectly, in a mutually antagonistic manner. Of course, there are several other genetic explanations for the observed antagonistic interaction between CCA1 and PRR5. Also, the results of circadian rhythms in CCA1/PRR5-ox were rather difficult to interpret (Fig. 3) , and obviously, more extensive experiments must be carried out properly to address this particular issue. However, when consider the current idea that CCA1 is the clock component, at least the results of this study suggest for the first time that PRR5 plays a crucial role(s) close to the circadian clock. Clarification of the molecular nature of the presumed interaction between CCA1 and PRR5 must await further studies.
